h c from 0.4 nm to 1.8 nm. We assume that the formation of the homogeneous semiconductor interlayer leads to modification of the metal-insulator growth process that drives the changes in the magnetic and conductive properties.
Introduction
Metal-insulator nanocomposites, which are metallic granules embedded into amorphous insulating matrix have attracted large interest due to the their soft magnetic performance in high-frequency electromagnetic regions [1, 2, 3] , magnetotransport phenomena, such as magnetoresistance and giant
Hall effect [4, 5, 6, 7, 8] , as well as their structural stability [9, 10, 11] because of an absence of grain boundaries and smooth interfaces. Further, due to the significant development of micro-, nanoelectronics and spintronics, many studies are currently devoted to the multilayered nanostructures containing the contacting ferromagnetic and semiconductor (SC) layers [12, 13] .
In multilayered systems the morphology of one layer in the periodic stack is linked with the neighboring layers and affects on the entire properties of the system. The morphology of metal-insulator (MI) layers is determined by their thickness and the metal concentration. At the same time, SC layers are chemically homogeneous, and their morphology is determined only by their thickness and roughness. Recently it was shown that the conductive and magnetic properties of MI / SC nanostructures are determined both by the composition and morphology of MI [14] and SC layers [15, 16, 17] .
Some of the recent works were aimed to study an indirect coupling between the nanoparticles in MI layers through semiconducting interlayers. It [15, 17] . Therefore the mechanism and characteristics of the indirect magnetic interaction between nanoparticles through the SC is still uncertain.
One of the perspective objects for the investigation of the magnetic prop- % [14] . The behavior of in-plane electrical resistivity ρ of the multilayered nanostructure in dependence on carbon layer thickness at different temperatures was studied in Ref. [16] . It was shown, that resistivity of the nanostructre decreases by four orders of magnitude with carbon layer thickness h c growth from 0.4 nm to 1.8 nm (Fig.1a) .
The objective of our present work is to study how the morphology of the carbon layer thickness affects the structural features and the related 
Samples
The nanostructures were fabricated by ion-beam co-sputtering of two targets on a rotating glass-ceramic substrate. One target is the vacuumcasted alloy Co 40 Fe 40 B 20 with silicon oxide SiO 2 plates fixed on its surface. Another target is amorphous carbon C. The composition of MI was monitored by the X-ray fluorescence analysis. All peculiarities of the sputtering method, choice of components and control of the sample parameters are described in
Refs. [19, 14, 20, 16] .
In the present study we investigated two samples with the concentration of metal x = 34.0 ± 1.5 at. % (i.e. just above the percolation threshold) and with different carbon layer thicknesses h c known from the deposition time.
The samples with h c = 0.40 ± 0.18 nm and h c = 1.80 ± 0.12 nm are notified S 1 and S 2 , respectively.
Experiment
The standard four-probe measurement with the correction on the sample size (Y 1 = 11 mm for the sample S 1 , Y 2 = 5 mm for the sample S 2 ) and distance between the electrodes (W 1 = 5 mm for the sample S 1 , W 2 = 3 mm for the sample S 2 ) was used to probe the transport properties of the multilayered samples. Measurements of the resistivity have shown four orders of difference for the samples S 1 and S 2 (Fig. 1) . The temperature dependence of the in-plane resistance for both samples is well described by the exponential law for the hopping conductivity [21] :
where R 0 and T 0 are constants. The parameter γ is defined by the mechanism of conductivity: in case of charge tunneling transport γ = 1/2 (Shklovskii- Thus, by measuring the component of the momentum transfer Q z perpendicular to the sample plane, one can get the information on the distribution of electron density in z direction, while by measuring the component Q || in the sample plane (x, y), it is possible to study the lateral structure of the sample. The components of the momentum transfer can be expressed through the incidence and scattering angles [23] : 
The GISAXS experiment was carried out at the ID10 beamline of Eu- scattering intensity in the momentum transfer space Q (α i , ϕ, α f ) one can obtain the characteristic distances between nanoparticles in the real space.
The period of the multilayered structure can be calculated as Λ = 2π/∆Q z , where ∆Q z is the distance between peaks along Q z at ϕ = 0
• . Similarly, one can get the characteristic values of the interparticle distances l in the sample plane by analyzing the scattering intensity distribution along Q || .
The generic feature of the two-dimensional maps for all the samples is at least one pronounced specular Bragg peak, that confirms the periodic stacking of MI and carbon layers. No Bragg peaks can be observed at Q z = 0 values, indicating that nanoparticles are not vertically ordered [24] . The relative contribution of the diffuse background to the GISAXS signal compared to the Bragg peaks intensity is much larger in the case of the sample S 1 than in the case of sample S 2 that is a result of coherent reflection of X-rays from the well-pronounced layered structure in S 2 . For the qualitative analysis of the layers ordering the sections of intensity along Q z were analyzed (Fig.4) .
Splitting of the Bragg peaks in higher Q-range is caused by the contribution of the multiple reflection from the surface roughness. To determine the periodicity of the multilayers the most pronounced peaks were chosen. Sample (Fig. 3) . This feature indicates a contribution of the MI/SC interfaces to the scattering increasing. In our case huge off-specular scattering complicates interpretation of the data concerning this additional contribution.
The average interparticle distances in the sample plane were determined from the sections of GISAXS intensity along the ϕ at the constant α f (Fig.   5 ). One can found that the thickness of carbon layer almost does not affect the peak positions, and, consequently, the lateral distribution of metallic nanoparticles in the samples plane.
The structural parameters of the samples Λ and l obtained from the GISAXS experiments are shown in Table 1 .
The SQUID magnetometry was used for the investigation of the magnetic and S 2 measured at the field H = 100 Oe. Sample Λ (nm) cooling the sample in zero field to T < T b , applying the small field H = 100
Oe, and heating the sample to T > T b while measuring M . ZFC and FC curves overlapping down to the temperatures of 30 K for both samples S 1 and S 2 (Fig. 7) . The splitting between the FC and ZFC magnetization curves matches the inflection point of the ZFC curves, at which the largest number of nanoparticles is thermally unblocked. Then, the blocking temperature of the system can be found as an inflection point of ZFC magnetization curve (Fig. 7) . We estimated the following values of the blocking temperature:
T b 1 = 15 K for the sample S 1 and T b 2 = 7 K for the sample S 2 . Furthermore, broad maxima at ZFC curves reflects wide distribution over sizes of particles, as well as the interaction between them [25] .
Discussion
The electrical resistivity experiment shows, that the transition from a high-Ohmic to low-Ohmic state takes place in the rather narrow range of semiconductor carbon layer thicknesses from h c = 1.0 nm to h c = 1.6 nm (Fig. 1a) . To understand the origin of this transition and influence of the carbon layer thickness on the associated magnetic properties of the multilayered system, we focused on the extreme cases of study: below (h c = 0.4 nm for S 1 ) and above (h c = 1.8 nm for S 2 ) the threshold. The detailed investigation of the transition mechanisms of the electrical resistivity will be discussed elsewhere. According to the electrical resistance measurements (Fig. 1b,c) , we can conclude, that two different regimes of the conductivity of sample S 1 can be connected with two mechanism of the charge hopping: the Shklovskii-Efros law of tunneling between the nanoparticles at temperatures (T > 135 K) and the Mott law of charge hopping in the amorphous carbon, where Mott law hopping takes place [26] . Therefore, only one regime of the 
where l is the average interparticle distance in the sample plane, χ is the volume concentration of metal in the insulator matrix. Assuming that each MI layer consists of a monolayer of nanoparticles, r v = h M I /2 and from the Equation 3 yields:
The value r h calculated according to the Equation 4 is presented in the Table 1 . As one can see from the Table 1 , the average lateral interparticle distance l, and in-plane size of the nanoparticles r h differs not so much for the samples S 1 and S 2 (χ = const in Equation 4). However, the vertical size and, consequently, volume of spheroidal nanoparticles is two times larger for S 1 compared to S 2 . Thus, the nanoparticles in sample S 1 are elongated in vertical direction, while in sample S 2 the nanoparticles are flattened in the sample plane. Non-planar magnetic anisotropy of the magnetic nanogranules was previously observed in similar metal-insulator systems without interlayers FeCoZr-CaF 2 [27] . Formation of the continuous carbon interlayer in sample S 2 prevents the coalescence of nanoparticles from the neighboring MI layers inducing the in-plane shape anisotropy. On the other hand, the magnetometry data also exhibit significant changes of the magnetic properties of the sample S 1 compared to the sample S 2 . A blocking temperature for non-interacting superparamagnetic nanoparticles is given by formula [28] :
where K is the anisotropy constant, V is the nanoparticle volume and k B is Boltzmann constant. Assuming that contribution of the shape anisotropy of nanoparticles is weak compared to the magnetocrystalline anisotropy of alloy we consider K the same for the both samples. Using Eq. 5 we obtain 
This assumption is also supported by the fact that magnetization M of the sample S 1 is about two times higher than magnetization of the sample
In the most simple model of the superparamagnetic system only particle size distribution is taken into account, while dipole-dipole interactions and magnetic anisotropy of the individual grains are ignored. Then, the magnetization M as a function of field H of the superparamagnetic ensemble with a particle volume distribution f (V, ∆V ) is expressed by [29] :
where M s is the saturation magnetization of ferromagnetic material,
is the Langevin function, and β pm is the paramagnetic term that was introduced to compensate the linear behavior of the magnetization in high fields.
Assuming M s = 1000 emu/cm 3 for Co 40 Fe 40 B 20 [30] , log-normal particle size distribution with mean volume V and fitting the standard deviation ∆V one can obtain a reasonable fit of the magnetization curves for the samples S 1 and S 2 (Fig. 6 ). The obtained deviation ∆V = 4.1 nm 3 for the sample S 1 and ∆V = 5.0 nm 3 for the sample S 2 . We attribute the linear paramagnetic term β pm to the oxide phases of Co and Fe forming in the SiO 2 matrix as it was shown by XANES [31] .
Conclusion
The presence of undamaged carbon provides the Mott law mechanism of the hopping conductivity of the sample S 2 . On the other hand, at room temperature the conductivity of sample S 1 is carried out with the ShklovskiiEfros law tunneling between metallic nanoparticles, which mechanism appears to be more efficient than the Mott mechanism. The electrical resistance measurements confirmed the formation of the continuous carbon layer only in the case of sample S 2 .
Using Grazing Incidence Small Angle X-ray Scattering, we studied the in- 
